AD-A200  490 


0022-1 767/07/ 1 396- 1 772$02.<ll> |  t|f  t 

The  Journal  of  Immunology  "  f  |||  *  • 

Copyright©  1987  by  The  American  Association  of  Immunologists 


Mil 


ELE 

OCT  2  4 1988 


c+Jri 


Vol.  139.  1772-1779.  No.  6.  September  15.  1987 
Printed  In  (AS.  A. 


INDUCTION  OF  CALCIUM  FLUX  AND  ENHANCEMENT  OF  CYTOLYTIC  ACTIVITY  IN 
NATURAL  KILLER  CELLS  BY  CROSS-LINKING  OF  THE  SHEEP  ERYTHROCYTE 
BINDING  PROTEIN  (CD2)  AND  THE  Fc-RECEPTOR  (CD16)1 


CLAUDIO  ANASETTI,2*  PAUL  J.  MARTIN,*4  CARL  H.  JUNE,*  KARL  E.  HELLSTROM.8' 
JEFFREY  A.  LEDBETTER,8  PETER  S.  RABINOVITCH,"  YOSH1HISA  MORISHITA,* 
INGEGERD  HELLSTROM,"  and  JOHN  A.  HANSEN**** 

From  the  * Fred  Hutchinson  Cancer  Research  Center.  Seattle.  WA  98104; ' Department  of  Medicine.  Division  of  Oncology,  and 
Departments  of 1 Microbiology  and  * Pathology ,  University  of  Washington,  Seattle.  WA  981 95;  'Naval  Medical  Research 
i  Institute.  Bethesda.  MD  20814;  * Oncogen  Inc.,  Seattle,  WA  98121;  and  ** Puget  Sound  Blooa  Center,  Seattle,  WA  98104 


>)  natural  killer  (NK)  cells  Is  Initiated  by  the  formation  of 
n  stable  conjugates  between  effector  and  target  cells,  an 
n  antigen-independent  process  which  utilizes  the  sheep 
^  erythrocyte  receptor  (cluster  designation  (CD)  2)  and  the 
V  LFA- 1  complex  (CD1 1 .  CD1 8)  as  adhesion  structures  ( 1  - 
®  4).  Thereafter,  effectors  arc  programmed  for  lysis 

through  a  Ca2+~dependent  mechanism:  intracellular  mi- 
crotubules  are  reorganized  and  cytoplasmic  granules  are 
oriented  toward  the  target  cells  (5).  Granule  contents  are 
g  secreted  with  release  of  a  complex  of  proteins.  Including 
j.  perforins  and  serine-esterases,  which  produce  target  cell 
2  lysis  (5,  6).  In  the  case  of  CTL.  Induction  of  lytic  activity 
requires  Interaction  between  Lire  T  cell  receptor/CD3 
K  complex  and  specific  antigen,  with  triggering  of  a  trans 
y  membrane  calcium  flux  and  activation  of  protein  kinase 
d  C  (1,  7-10).  On  NK  cells,  a  surface  receptor  capable  of 
inducing  cytolytic  activity  ha  s  not  v»t  been  identified  (1 1). 
it  Receptor  ligand  interactions  involving  CD2  not  only 
t-  ,  facilitate  conjugate  rorrpntior  hut  tlsi  appear  to  bt  i:i- 
e-  solved  in  activation  of  eff octet-  cells  (12.  13).  Firding  of 
ie  certain  ant;-CD2  antibodies  can  induce  an  in...  -sc  in 
:d  the  concentration  of  Intracellular-free  calcium  (|0a2^]l) 
is  (14).  In  a  previous  study,  ’ve  showed  that  simultaneous 
binding  cf  anti-CD2  antibodies  9.6  and  9-1  *o  resting  T 
*1  cells  causes  an  increase  in  |Ca2*](  (15).  An  unexpected 
finding  was  the  observation  that  the  binding  of  antibody 
e"  9-1  alone  was  sufficient  to  trigger  a  calcium  flux  tn 
j*  resting  CD16+  cells.  These  findings  suggested  that  actl- 
vation  triggered  by  antl-CD2  antibodies  might  have  dif- 
ferent  mechanisms  in  CD3*  T  cells  population  and  in 
CD  16*  large  granular  lymphocytes  (LGL).  a  population 
known  to  contain  NK  cells.  In  the  present  study,  we 
1  demonstrate  that  the  increased  |Ca2^)l  induced  in  CD16+ 
—  cells  by  antibody  9-1.  an  IgG3  immunoglobulin,  requires 
an  interaction  with  Fc  receptors  and  that  cross-linking 
l  or  CD2  molecules  and  Fc  receptors  by  the  9-1  antibody 
cd  activates  the  lytic  program  of  NK  cells. 


Binding  of  the  anti-cluster  of  differentiation  (CD) 
2  monoclonal  antibody  9-1  causes  an  increase  in 
the  concentration  of  cytoplasmic-free  calcium 
([Cilni)  >n  cultured  CD3"/CD16^natural  killer  (NK) 
cells/ This  response  did  not  occur  in  cultured  CD3ty 
CDI6~  cytotoxic  T  lymphocytes  (CTL).  Anti-CD16 
antibodies  could  partially  block  the  calcium  re¬ 
sponse  when  NK  cells  were  stimulated  with  intact, 
antibody  9-1.  and  antigen-binding  fragment  F(ab')2‘ 
of  antibody  9-1  did  not  produce  a  calcium  response. 
Thus  an  interaction  of  the  9-1  antibody  with  CD16 
Fc  receptors  was  required  for  the  functional  effect, 
The  dual  interaction  of  antibody  9-1  with.both-CD2 
and  CD  16  was  demonstrated  by  COmodulation  ex- 
periments.^he  cytolytic  activity  of  cultured  NK 
cells  ,yras  increased  by  antibedy  9-1  but  not  by 
F(ab')2  fragments  of  antibody  9-1.  The  enhanced 
lytic  activity  was  blocked  by  anti-CL>16  antibody, 
anti-CD  18  antibody,  and  anti-CD2  antibodies  that 
do  not  block  the  binding  of  antibody  9-1.  This  pat¬ 
tern  was  distinct  from  antibody-dependent  cell-me¬ 
diated  cytotoxicity  which  was  blocked  only  by  the 
anti-CD16  antibody.  Thus  antibody  9-1  enhanced 
cytotoxicity  by  activating  effector  cells.  There  was 
no  enhancement  of  lytic  activity  when  F(ab')i  of 
antibody  9-1  were  cross-linked  with  a  polyclonal 
antiglobulin,  even  though  |Ca'?*)i  was  increased. 
These  results  show  that  induction  of  a  [Cai^i  re¬ 
sponse  is  not  sufficient  to  enhance  lytic  activity  in 
NK  cells,  and  suggest  that  signals  delivered  through 
CD16are  neqessaiy.  V'y  l\  <>.  tU  '  A  Ta\\|.'i.\'|CcU, 
T  •  \\  ■  1  •r v  (v  ij  *'< 

Target  cell  lysis  by  cytotoxic  T  lymphocytes  (CTL)3  and 
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MATERIALS  AND  METHODS 

Cell  preparations.  Mononuclear  cells  were  separated  from  hepa¬ 
rinized  pcr'plicral  Mood  of  healthy  human  subjects  by  density-gra¬ 
dient  centrifugation  on  Flcoll-Hypr.que  (S.G.  1 .077).  For  soinccxper- 

eluster  of  differentiation;  PBL.  peripheral  blood  lymphocytes;  I.Gi,.  large 
granular  lymphocytes;  ADCC,  antibody-dependent  r  ell-mediated  cytotox¬ 
icity:  NK,  natural  killer;  |Ca3*|i.  concentration  cf  cytoplasmic  ionized  free 
calcium:  i.L-2.  interleukin  2. 
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Intents,  monocytes  and  B  cells  were  depleted  by  sequential  adherence 
to  plastic  plates  and  nylon  wool  as  previously  described  (16). 

Cultured  cytotoxic  effector  cells.  Peripheral  blood  lymphocytes 
(POL)  were  cloned  by  limiting  dilution  at  a  concentration  o'  0.5-1 
ccll/well  In  RPMI  1640  medium  (GIBCO,  Grand  Island,  NY)  contain¬ 
ing  25  U/ml  recombinant  interleukin  2  (1L-2)  (Amgen,  Thousand 
Oaks,  CA).  10%  pooled  human  scrum  (Pel-Freez,  Brown  Deer.  Wl),  3 
v  104  Irradiated  (3600  rad)  autologous  PBL/well  and  5  x  103  Irradi¬ 
ated  (7000  rad)  autologous  Epsteln-Barr  vinis  (EBV)  transformed  B 
cells/well.  After  21  days,  cultures  showing  >20%  specific  lysis  of 
K562  cells  at  a  10:1  effector  to  target  ratio  were  selected  for  contin¬ 
ued  propagation.  Cell  lines  EB4.19  and  EB4.3  have  an  Identical 
CD24/CD3-/CD8VCD4-/CD1 1  VCD167Leu77Leul9*  ccll-surface 
phenotype  (17.  .18).  Both  showed  a  germline  configuration  of  the  T 
cell  receptor  (3  and  y  genes  (data  not  shown).  Expression  of  functional 
Kc  receptors  was  documented  by  antibody-dependent  ccll-medlatcd 
cytotoxicity  ( ADCC)  assays  by  using  a  Thy- 1  .l*  SL2  murlnt  thymoma 
cell  line  and  antl-Thy- 1 . 1  murine  monoclonal  antibodies  ( 1 9).  Spon¬ 
taneous  cytolytic  activity  was  present  against  K562  and  MOLT-4  cell 
lines,  but  not  against  DAUD1  and  B  lymphobtastold  cell  lines  “JH" 

;  nd  "DY.'On  the  basis  of  their  function  and  phenotype,  cells  of  lines 
,'84. 19  and  EB4.3  will  be  tenned  NK  cells.  Cell  line  C3  has  a  CD27 
CD34/CD8*/CD47CD1 14/CD16~  phenotype  and  shows  promiscuous 
i  vtotoxlclty  against  KS62.  MOLT-4,  DAUD1,  and  NALM-1  cell  lines. 
This  cytolytic  activity  Is  not  specific  for  or  restricted  by  major  hls- 
locompatlblllty  complex  (MHC)  gene  products.  Cell  line  C3  Is  not 
\ctivc  In  ADCC  assays.  In  view  of  the  expression  of  CD3  and  the 
absence  of  CD  16.  cells  of  this  line  will  be  termed  CTL. 

Other  CTL  cell  lines  were  generated  by  two  sequential  primings  of 
normal  PBL  with  allogeneic  stimulators  followed  bv  culture  at  lim¬ 
iting  dilution.  CTL  line  4.47  has  a  CD27CD37CD87CD16-  pheno- 
iype  and  Is  specific  for  HLA-B27.  CTL  line  52  has  a  CD27CD37 
CD47CD16"  phenotype  and  Is  specific  for  an  antigen  expressed  by 
F.BV-transformcd  cells  and  restricted  by  HLA-Dwl.  Ct  ’  lines  were 
maintained  by  weekly  feeding. 

Cell  lines.  The  crythrolcukcnila  cell  line  K562.  the  prc-B  cell  line 
MALM-1,  the  B  cell  line  DAUDI.  and  the  T  cell  line  MOLT-4  were 
•  htained  from  American  Type  Culture  Collection  (Rockville.  MD). 
The  B-lymphoblastold  cell  lines  "JH"  and  "DY"  were  produced  by 
LBV  transformation  of  B  cells  from  healthy  volunteers.  The  lung 
'•arclnoma  cell  line  2981  lias  been  described  previously  (20).  Ail  cell 
lines  were  maintained  under  standard  culture  conditions  In  RPMI 
1040  medium  (GIBCO),  supplemented  with  10%  fetal  bovine  serum 
Jlyclone,  Logan.  UT).  I  mM  pyruvate,  and  2  mM  glutamine.  , 

Monoclonal  antibodies.  Murine  monoclonal  antibody  9-1  was  a 
gift  of  Dr.  Bo  Dupont  (Memorial  Sloan  Kettering  Cancer  Center.  New 
York.  NY).  Antibody  9-1.  which  was  clustered  with  CD2  In  the 
Second  International  Workshop  on  Leukocyte  Differentiation  Anti¬ 
gens  (21),  docs  not  Inhibit  rosette  formation  with  sheep  erythrocytes 
(22).  Immunoprcclpltatlon  experiments  showed  that  antibody  9-1 
reacts  with  a  50-kDa  polypeptide  species  that  could  be  precleared  by 
CD2  antibody  35.1  (data  not  shown),  lmmunoblottlng  of  human 
ihymocytc  lysate  showed  that  antibodies  9-1,  35. 1 .  and  9.6  all  bind 
to  molecular  species  that  migrate  as  a  broad  band  In  the  50-kDa 
region  of  the  gel  (data  rot  shown).  Ouchtcrloncy  double  Immune 
diffusion  with  purified  rabbit  anti-mouse  Immunoglobulin  (Ig)  heavy 
chain  antisera  (Zymcd)  showed  that  antibody  9-1  has  an  lgG3  Iso- 
type.  Antibody-binding  fragments  E(ab')j  of  antibody  9-1  were  pre¬ 
pared  by  papain  cleavage  at  pH  4.5  as  described  (23).  Undigested 
antibody  was  removed  by  chromatography  on  a  protein  A-Scpharosc 
column  (Pharmacia.  Plscataway.  NJ)  and  was  not  detected  In  gel 
electrophoresis  analysis  of  the  final  F(ab'|3  preparation.  Binding 
activity  of  9-1  K(ab')j  was  documented  by  Indirect  Immunofluores¬ 
cence  assays,  showing  that  saturation  was  achieved  at  concentra¬ 
tions  as  low  as  3  jig/ml.  F(ab')j  of  antibody  9-1  were  conjugated  to 
biotin  by  mixing  I  ml  of  0.1  M  NaHCOa  containing  I  mg  of  protein 
wit  h  50  m!  of  dimethyl  sulfoxide  containing  50  pg  Blollnyl-N-hydrox- 
ysucclmmlde  (Sigma),  and  Incubation  for  3  hr  at  room  temperature. 
The  solution  was  dialyzed  In  phosphate-buffered  saline  and  flltcr- 
stcrillzcd  before  use.  Characterization  of  CD2  antibodies  9.6  (lgG2a) 
and  35.1  (lgG2n)  has  been  described  previously  (24).  Antibodies  FC- 
1  (lgM|,  and  FC-2  (lgG2b)  (donated  by  Dr.  Edward  Clark.  University 
of  Washington)  arc  specific  for  the  CD  16  Fc-rcccptor  of  LGL  and  can 
block  Kc  binding  and  ADCC  (25).  Antibody  31C5.3I  (IgG3)  (provided 
l>V  Dr.  Irwin  D.  Hu  usu.ui.  I'rcd  Hutchinson  Cancer  Research  Center) 
recognizes  thclhy-l.l  antigen  of  murine  thymocytes  and  does  not 
cross-rcact  with  human  cells.  Antibody  60.5  (IgG3)  reacts  with  a 
monomorplilc  determinant  of  HLA-class  I  molecules.  Antibody  60.3 
(lgG2a)  Is  specific  for  CD\vl8.  the  g-chaln  of  the  human  l.FA-1 
complex  (26).  Antibody  GI-14  is  specific  for  CD45,  the  T200  com¬ 
plex.  Antibody  L6  (lgG2a)  recognizes  a  carbohydrate  antigen  ex¬ 


pressed  on  lung  cell  and  other  carcinomas  (18),  Rat  monoclonal 
antibody  187.1  Is  specific  for  the  mouse  Immunoglobulin  x-chaln 
(27). 

Monoclonal  antibodies  were  purified  from  ascites  fluids  by  chro¬ 
matography  on  protein  A-Sepharose  or  by  precipitation  with  50% 
saturated  ammonium  sulfate  followed  by  DEAE-Sephacyl  chroma¬ 
tography  (Pharmacia).  Purified  antibodies  were  dialyzed  against 
phosphate-buffered  saline  and  flltcr-sterlllzcd.  Before,  each  experi¬ 
ment,  antibodies  were  centrifuged  (122,000  X  G)  for  20  min  lit  a 
Beckman  atrfuge  to  remove  aggregates,  Certain  antibodies  were 
conjugated  to  fluorescein  Isothiocyanate  according  to  the  method  of 
Godlng  (28). 

Immunofluorescence  analysis.  Cells  were  Incubated  with  anti¬ 
body  at  saturating  concentrations  and  stained  by  Indirect  Immuno¬ 
fluorescence  with  the  use  of  affinity-purified  fluorescein-conjugated 
goat  anti-mouse  Ig  antibodies  (Tago,  Burlingame,  CA).  A  specificity 
control  was  provided  by  staining  cells  with  an  Isotypc-matched 
antibody  of  an  Irrelevant  specificity.  For  competitive  binding  inhi¬ 
bition  experiments.  5  x  104  cells  were  Incubated  at  4°C  In  25  pi  of 
medium  containing  0. 1  %  sodium  azide  and  a  saturating  concentra¬ 
tion  of  the  test  antibody.  After  30  min.  25  /il  of  fluorescein  Isothlo- 
cyanate-conjugated  antibody  was  added,  and  the  incubation  was 
continued  for  another  30  min.  Cells  were  then  washed  and  fixed  In 
1%  paraformaldehyde.  For  modulation  experiments,  a  similar  pro¬ 
cedure  was  followed  except  that  the  first  incubation  was  performed 
for  1  hr  at  37°C  In  absence  of  sodtuin  azide.  Cells  were  analyzed  by 
flow  mlcrofluorlmetry  with  logarithmic  amplification  of  the  fluores¬ 
cence  signal. 

Measurement  of  cytoplasmlc-Jree  calcium  ICa2*ll.  In  some  ex¬ 
periments.  the  concentration  of  cytoplasmlc-frce  calcium  [Cai4|l  was 
measured  In  Quin  2/AM  (Calblochem,  San  Diego.  CA)  -loaded  cells 
as  previously  described  (15)  with  the  assay  calibrated  by  the  method 
of  Tslen  et  al.  (29).  In  other  experiments,  |Caa4)l  was  measured  In 
lndo- 1  loaded  cells  by  flow  cytome'ry  as  described  in  detail  elsewhere 
(30).  The  Indo-1  ratio  of  violet  to  blue  fluorescence  Is  directly  related 
to  the  |CaI4)l  and  was  digitally  calculated  In  real  time  for  each 
Individual  cell  by  using  a  liner  scale.  At  the  beginning  of  each 
experiment,  the  blue  and  violet  photomultiplier  settings  were  ad¬ 
justed  so  that  the  ratio  was  1  for  resting  PBL.  The  |Ca**]l  can  be 
calculated  from  the  Indo-1  violet/blue  ratio  by  using  the  formula 
derived  by  C-rynklcwtcz  ct  al.  (31):  |CaJ*]l  =*  Ku  (R  -  Rmm)/(Hm„  -  R)- 
(/2)/(b2).  where  [Ca2*|l  =  Intracellular  Ionized  calcium  concentration 
(nanomolar):  Krt  =  250  nm  for  the  intracellular  dye:  R  =  Indo-1  violet/ 
blue  ratio:  Rm,„  =  lndo- 1  vlolct/bluc  ratio  of  calcium-free  dye;  I<mu  = 
lndo-1  violet-blue  ratio  of  calcium  saturated  dye;  J2  =  blue  fluores¬ 
cence  Intensity  of  calclum-trce  dye:  and  t>2  =  blue  fluorescence 
Intensity  of  calcium-saturated  dye.  We  have  previously  determined 
the  constants  for  tills  system  (30).  Ratios  of  1 . 2,  3,  and  4  correspond 
to  a  |CaJ4|l  of  131,  338,  679.  and  1346  r.M,  respectively.  The  ]Ca2"]l 
of  resting  T  cells  was  131  ±  8  (mean  ±  SD).  Data  were  collected  on 
the  2150  “time  mode,"  and  the  mean  Indo-1  vlolet/bluc  fluorescence 
ratio  was  calculated  and  plotted  as  a  function  of  time. 

Cell-mediated  cytotoxicity  assay.  The  medium  used  for  the  cy¬ 
totoxicity  assay  was  RPMI  <640  containing  IO%  fetal  calf  serum 
(Hyclonc)  heat-inaettvated  for  1  hr  at  56'C.  Targe*  cells  (1.0  x  106) 
were  Incubated  at  37°C  for  1  hr  In  1 50  pi  RPMI  1 640  containing  300 
fiCl  sodium  |MCr)  chromate  and  15%  fetal  calf  scrum  and  then 
washed.  In  some  experiments,  5,Cr-labclcd  cells  were  prclncubntcd 
with  medium  containing  monoclonal  antibody  for  30  min  at  4°C. 
washed,  and  resuspended  In  standard  medium  before  the  cytotox¬ 
icity  assay.  In  other  experiments,  the  cells  were  dispensed  In  micro- 
wells  and  antibody  was  added  subsequently.  The  cytolylic  assay  was 
performed  by  adding  effector  cells  to  1  x  lO2  5,Cr-labcled  target  iclls 
in  V-bottomcd  mlcrowells  (Llnhro)  containing  a  final  assay  volume 
of  200  fil.  After  4  hr  of  Incubation  at  37°C  In  5%  C03.  100  id  of  cell- 
frcc  supernate  were  collected  from  each  tnlcrowc'l  for  measurement 
of  5lCr  release.  Controls  with  no  antibody  and  no  effectors  were  used 
to  measure  spontaneous  MCr  release,  The  lysate  of  target  cells 
treated  with  5%  NP-40  was  used  to  calculate  maximum  release. 
Percent  specific  release  was  calculated  according  to  the  formula:  % 
spectflc  release  =  (lest  -  spontancous)/(max!mum  -  spontaneous)  x 
100%. 


iri 


RESULTS 

Changes  in  lCa2*H  Induced  by  CD2  antibodies.  Acti- _ 

vation  induced  by  CD2  antibodies  was  examined  by  mea¬ 
suring  changes  in  |Ca2+|i  in  cultured  CD3 /CD16+  NK  cell  ' 
lines  and  CD37CD16'  CTL  cell  lines.  The  |Caa+|i  of  NK 
cells  Increased  immediately  after  binding  of  antibody  9-  r 
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CTL  line  C3  (0037CDI6-) 


Time - — 

Figure  I .  Induct.on  of  calcium  flux  by  antl-CD2  monoclonal  anti¬ 
bodies  9-1  and  9.6.  Cells  were  loaded  with  Qtihi2/AM  and  assayed  for 
Intracellular  calcium  flux  by  determining  changes  In  fluorescence  Inten¬ 
sity.  Antibodies  were  added  al  the  times  Indicated  by  arrows,  at  a  final 
concentration  of  10jig/ml. 

1  but  was  not  affected  by  antibody  9.6  (Fig.  1).  The 
increased  (Ca2+]i  Induced  by  antibody  9- 1  reached  a  max¬ 
imum  level  within  2  min  and  then  decreased  within  4 
min.  The  [Ca2+)i  of  the  CTL  line  was  not  affected  by 
binding  of  cither  antibody  9-1  or  9.6  alone  (Fig.  1).  When 
CTL  were  preincubaicd  with  antibody  9-1.  the  addition 
of  antibody  9.6  induced  an  increase  In  [Ca2+]i  after  a 
latent  period  lasting  less  than  1  min  with  a  peak  level 
reached  after  approximately  2  min.  When  CTL  were 
preincubated  with  antibody  9.6,  antibody  9-1  was  also 
able  to  induce  an  increase  in  [Ca2+]i.  In  this  case  the 
latent  period  was  approximately  3  min  and  the  peak 
response  was  reached  after  approximately  6  mill. 

Valency  requirements  Jor  activation  of  NK  cells  by 
CD2  antibodies.  Previous  studies  have  shown  that  CCl  6. 
the  low  affinity  Fc  receptor  known  to  be  expressed  on  NK 
cells  and  granulocytes,  has  a  preferential  avidity  for  mu¬ 
rine  antibodies  of  the  IgG3  subclass  (19).  Furthermore, 
when  used  alone,  the  lgG3  antibody  9- 1  was  able  to  evoke 
a  calcium  flux  only  in  CD  16"  cells  (15).  Thus  it  was  of 
interest  to  determine  whether  its  ability  to  activate  NK 
cells  required  an  Interaction  with  Fc  receptors.  When 
cultured  NK  cells  were  preincubated  with  the  anti-CD  16 
antibody  FC-2,  there  was  a  reduced  (Ca2+|i  response  after 
stimulation  with  antibody  9-1  (Fig.  2).  Furthermore,  NK 
cells  showed  no  (Ca2+]i  increase  after  stimulation  with 
Fiab'h  of  antibody  9-1  (Fig.  3,  dashed  line  (-  -  -  -  -),  at 
time  0).  On  the  other  hand,  cross-linking  of  surface- 
bound  9-1  F(ab')2  with  a  goat  anti-mouse  Ig  antiserum 
caused  a  prompt  increase  in  [Ca2"|i  (Fig.  3,  dashed  line 

! - ),  at  2.5  min),  A  smaller  but  definite  increase  in 

|Ca2"|i  was  generated  by  avidin  cross-linking  biotln-con- 
jugated  F(ab')2  of  antibody  9-1  (Fig.  4)  Cross-linking  of 
surface-bound  antibody  9.6  also  induced  a  calcium  flux 
(Fig.  3).  Binding  and  cross-linking  of  (tie  control  anti- 
T2O0  antibody  Gl- 1 4  bad  no  effect  on  (Ca2+)i  (Figs.  3  and 
4).  Finally,  binding  of  the  lgG3  isotype  control  anti-HLA 
class  I  antibody  GO. 5  lied  no  effect  on  |Ca2"|i  (data  not 
shown).  These  data  indicate  that  either  multivalent 
cross-linking  of  CD2  molecules  or  formation  of  complexes 


NK  line  EB4.I9  (CD37CD16+) 


Figure  2.  Blocking  effect  of  antl-CD16  antibody  FC-2  on  calcium  flux 
Induced  by  antt-CD2  monoclonal  antibody  9-1.  Ceils  were  loaded  with 
Quln2/AM  and  assayed  for  Intracellular  calcium  flux  by  determining 
changes  In  fluorescence  Intensity.  Cells  were  preincubated  for  1  hr  with 
saturating  concentrations  of  antibody  FC-2  (antl-CD  16)  or  51.1  (antl- 
CD8)  and  then  stimulated  by  antibody  9-1  (10  ng/nil).  Antibodies  FC-2 
and  51.1  had  no  effect  on  (Caa*|l  (not  shown).  The  spikes  on  the  CD8- 
treated  cells  arc  artifacts  from  bubbles. 


Time  ( min ) 


Figure 3.  Concentration  of  [Cas*|l  In  cultured  NK  cell  line  loaded  with 
Indo- 1 .  The  mean  lndo- 1  violet  /blue  ratio  is  shown  on  the  ordinate  and  a 
value  of  1.0  corresponds  to  a  |CaJ*|l  of  131  nM  observed  In  resting 
lymphocytes.  Before  any  antibody  was  added  to  EB‘l.  19  cells.  (Ca2,|l  was 

263  nM.  Cells  were  Incubated  with  antibody  9-1  F(ab')3  ( . ),  antibody 

9.6  ( - ),  or  antibody  Gl  - 1 4|T200)  ( — )  at  time  0,  and  goat  anti-mouse 

Ig  antiserum  (GnM)  was  added  after  2.5  min.  Antibody  9-1  ( - )  was 

added  after  2.5  min.  Monoclonal  antllxxllcs  were  used  at  a  concentration 
of  50  ng/ml  and  G«M  at  1/10  dilution. 


2  6  10  Id  18 


Time  (min) 

Figure  4.  Concentration  of  |CaJ'|l  In  cultured  NK  cell  line  loaded  with 
Indo- 1 .  The  mean  Indo- !  vlolet/blue  ratio  Is  shown  on  the  ordinate  and  a 
value  of  1.0  corresponds  to  a  |C.i  '|l  of  131  nM  observed  In  resting 
lymphocytes.  Cells  were  preincubaicd  for  15  min  with  blotln-conjugatcd 

I'(ab'),  of  antibody  ( . )  or  antibody  C.l-I  (T200)  ( •  •  •  -)  and  analysed 

al  lime  0.  Avldln  was  added  to  cells  at  10  rg/ml  alter  2.5  min.  Antibody 

9- 1  ( - )  was  added  after  2.5  min.  Aiilihodies  or  fragments  were  used  at 

a  concentration  of  50  /ig/ml. 
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between  CD2  and  CD  16  arc  sufficient  to  trigger  an  in¬ 
creased  (Ca2*)!  in  cultured  NK  cells. 

Wc  have  considered  the  possibility  that  antibody  9-1 
produced  intercellular  bridging  by  binding  to  Fc  receptor 
on  one  cell  and  to  CD2  on  another.  However,  the  light 
scatter  characteristics  of  the  cells  analyzed  by  flow  cy¬ 
tometry  did  not  change  after  binding  of  antibody  9-1. 
This  finding  excludes  that  cellular  aggregates  are  formed 
and  supports  the  alternative  hypothesis  of  a  surface 
cross-link  on  a  single  cell. 

.Modulation  of  CD16  induced  by  a  CD 2  antibody.  The 
dual  interaction  of  antibody  9- 1  with  both  CD2  and  CD  1 6 
was  further  demonstrated  by  comodulation  experiments. 
Preincubation  of  cultured  NK  cells  at  4°C  with  antibody 
9-1  did  not  Inhibit  binding  of  the  anti-CD  16  antibody  FC- 
2  and.  similarly,  preincubation  with  antibody  FC-2  did 
Hot  inhibit  binding  of  antibody  9-1  (Fig.  5).  However, 
incubation  with  antibody  9-1  for  1  hr  at  37°C  caused 
rtwly  complete  modulation  of  CD1 6  whereas  incubation 
With  antibody  FC-2  had  no  effect  on  CD2  expression. 
(Modulation  of  CD  16  was  not  observed  after  Incubation 
with  the  IgG2a  anti-CD2  antibody  9.6,  with  F(ab')2  of 
antibody  9  1,  or  with  a  control  lgG3  antibody  60.5,  spe  ¬ 
cific  for  HLA  class  l  molecules. 

Activation  of  the  lytic  program  In  NK  cells  by  a  CD2 
antibody.  Given  that  CD2  has  a  functional  role  in  lym¬ 
phocyte  activation  and  that  Fc  receptors  are  involved  in 
antibody-dependent  target-specific  lysis  by  killer  lym¬ 
phocytes.  it  was  of  interest  to  determine  the  effect  of 
antibody  9-1  on  cytolytic  effector  cell  function.  In  the 
presence  of  antibody  9-1 ,  the  lytic  activity  of  the  NK  cell 
lines  EB4.19  and  EB4.3  tested  against  NALM-1  or  K562 
targets  was  profoundly  enhanced  (Fig.  6).  In  contrast, 
and  consistent  with  previous  studies,  antt-CD2  antibody 
9.6  (!gG2a)  had  an  inhibitory  effect  on  NK  lytic  activity 
(24,  32).  Binding  of  lgG3  isotype  control  anti-HLA  class  I 
antibody  60.5  had  no  effect.  Antibody  9-1 ,  however,  had 
no  effect  on  the  lytic  activity  the  CD3VCD16'  CTL  line 
CJ  (Fig.  6).  Similarly,  there  was  no  induction  of  promis¬ 
cuous  killing  or  inhibition  of  lectin-l  acilitatcd  cytotoxicity 


Log  Fluorescence  Intensity - •- 

Figure 5.  Comodiilatlon  of  Cl >2  ami  lire  CDIG  l-’c  receptor  by  anllbndy 
9-1  Cells  ol  the  NK  roll  line  CHI  10  were  prelnriibated  with  a  saiuraltng 
eom-eiitriillon  of  each  Indicated  antibody  or  medium  for  1  hr  a(  cither  4*0 
nr  37“C  and  aliquots  were  then  stained  with  Ihioresecln-ronjuttalrd  anti- 
Cl) 1 6  antibody  I‘C-2  or  with  niioiesicln-conjiigatccl  anll-CD2  antibody  9- 
1  Cells  were  analyzed  by  How  mlerofiiiorlinelry  with  logarithmic  ampli¬ 
fication  of  the  fluorescence  signal.  Antibody  00.5  (1(103)  is  specific  lor 
tU.A-class  I  molecules 


Figure  0.  Enhancement  of  cytolytic  activity  of  a  CD  16*  cloned  NK  cell 
line  by  antibody  9-1.  A.  Cell  line  EB4.19  (phenotype:  CD2*/C03"/CD  1 6*) 
and  cell  line  C3  (phenotype:  CD2*/CD3*/CD  1 6*)  were  Incubated  with 
slCr-labclcd  NALM-1  cells  at  a  10.1  effector  to  target  ratio  for  <1  hr  al 
37 “C  either  In  medium  or  In  antibody  at  a  concentration  of  1  ng/ml. 
Incubation  of  target  cells  with  antibody  alone  did  not  Increase  sponta¬ 
neous  release.  Antibody  3IC5.31  (lgG3)  is  specific  for  murine  Thy- 1.1 
docs  not  react  with  either  EB4.19  or  NALM-1  cells.  Lytle  activity  of 
another  CD3'/CD16*  cell  line  (EB4.3)  was  also  enhanced  by  antibody  9- 
1  (not  shown).  B,  Cells  from  the  NKIInc  RB4.19  were  Incubated  with  slCr- 
labeled  K562  cells  (effector  to  target  ratio  of  10/1)  4  hr  at  37°C  cither  In 
medium  or  In  antibody  at  1  ug/ntl. 

when  antibody  9-1  was  added  to  a  CD4*  MHC  class  11- 
restrieted.  EBV-speciflc  CTL  line  or  to  a  CD8*  MHC  class 
1-spcciftc  CTL  line  (Table  1).  Thus  antibody  9-1  was  only 
capable  of  enhancing  lysis  mediated  by  CD  1 64  NK  cells 
and  had  no  effect  on  lysis  mediated  by  CD  16'  CTL. 

It  was  possible  that  ADCC  was  responsible  for  in¬ 
creased  lysis  in  the  presence  of  antibody  9-1.  However, 
neither  NALM-1  nor  K562  cells  have  surface  CD2  detect¬ 
able  by  indirect  immunofluorescence  and  NALM-1  cells 
do  not  express  Fc  receptors  whereas  K562  cells  express 
FcRii  (33,  34).  The  enhanced  lysis  induced  by  antibody  9- 
1  was  directly  compared  with  ADCC  by  testing  the  effects 
of  other  antibodies  known  to  inhibit  the  activity  of  cyto¬ 
lytic  cells.  When  PBL  effectors  were  tested  in  cytolytic 
assay  against  the  CD2“  lung  carcinoma  2981  cell  line, 
antl-CDwl8  antibody  60.3  and  antt-CD2  antibodies  9.6 
and  35.1  inhibited  9-1  induced  lysis  but  not  ADCC, 
Whereas  the  anti-CD  16  Fc  receptor  antibody  FC-2 
blocked  both  activities  (Table  II).  Similar  result  >  were 
obtained  by  using  cultured  CD3'/CD16*  NK  cells  tested 
against  NALM-1  cells  (Table  III).  Further  evidence  that 
antibody  9-1  enhanced  killing  by  directly  activating  ef¬ 
fector  cell  function,  and  not  by  ADCC,  was  provided  by 
experiments  demonstrating  that  lysis  was  not  increased 
when  target  cells  were  prcincubatcd  with  antibody  9-1 
and  washed  before  the  cytotoxic  assay  (data  not  shown). 

Experiments  described  above  demonstrated  that  either 
multivalent  cross-linking  of  CD2  or  the  formation  of  com¬ 
plexes  between  CD2  and  CD16  was  sufficient  to  trigger 
increased  |CaJ*|i  in  NK  cells,  in  cytolytic  assays,  F(ab')2 
of  antibody  9-1  (lid  not  enhance  tile  lytic  activity  of  cither 
resting  or  cultured  NK  cells  (Table  IV).  Simultaneous 
Incubation  wit  h  F(ab')2  of  antibody  9- 1  and  wit  ii  a  murine 
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TAGLE  I 


Cytolytic  activity  oj  CD3r/cr>l6~  cultured  alloreactt tv  CTLa 

CTL  Unc 

Con  A 

Relevant  Target  (LCL  "DYT 

Irrelevant  Target  (LCI.  Mlf) 

Medium 

AiitPiody  9-1 

Medium 

Antibody  0-1 

4.47 

- 

58 

47 

i 

3 

+ 

47 

44 

47 

45 

52 

- 

57 

53 

7 

5 

4* 

56 

49 

19 

23 

*  Results  represent  mean  percent  specific  lysis  as  measured  by  5lCr  release  assay.  Cell  line  4  47  Is  a  CD37CD8 VCD  1 6" 
CTL  specific  for  HLA-B27.  Cell  line  52  Is  a  CD3/CD4VCD1 6"  HLA-Dwl -restricted  CT1.  specific  for  an  EBV-assoclated 
antigen.  The  EBV-transformed  D-lymphoblastoid  cell  line  (LCL)  DY  but  not  JH  expressed  HLA-B27  and  HLA-DW  1 .  The  B- 
lymphoblastold  cell  line  JH  docs  not  express  either  HLA-B27  or  HLA-Dvvl.  Effector  cells  were  Incubated  with  targets  at  a 
10:  1  effector  to  target  ratio  for  4  hr  at  37 “C  with  antibody  (1  pg/inl),  Con  A  (2.5  pg/ml)  or  medium  alone. 


TABLE  II 

Cytolytic  activity  of  peripheral  blood  lymphocytes:  ejfects  of  antt-CDlC.  antt-COivl8.  and  ant!-CD2  monoclonal 
antibodies  oil  ADCC  and  lysis  Induced  by  antibody  9-1 ° 


Antibody 

Experiment  1 

Experiment  2 

Medium 

Antibody 

FC-2(CDJ6) 

Antibody 

35.UCD2) 

Medium 

Antibody 

60.3(CDW18) 

Antibody 

O.G(CD2] 

Medium 

18 

4 

18 

18 

5 

13 

L6(aiul-2981) 

47 

5 

40 

33 

34 

43 

9-!(amt-CD2) 

87 

15 

15 

78 

17 

6 

"Results  are  expressed  as  mean  percent  specific  s,Cr  release.  PBL  were  assayed  for  cytotoxicity  against  2981  lung 
carcinoma  cells  by  a  4-lir  MCr  release  assay  at  an  effector  to  target  ratio  of  100:1.  The  antibodies  were  added  at  a 
concentration  of  10  ng/ml.  Antibodies  9.6  and  35.1  do  not  block  binding  of  antibody  9-1  to  effector  cells.  Antibody  L6 
used  for  the  ADCC  assay  binds  to  target  cells  but  not  to  human  PBL.  Antibody  9- 1  binds  to  human  PBL  but  not  to  the  lung 
carcinoma  cell  line. 


TABLE  III 

Cytolytic  activity  of  cultured  NK  cells:  ejfects  of  anti-CD16,  atitl-CDwlB.  and  anti-CD2  monoclonal  antibodies  on 
’ _ lysis  induced  by  antibody  9-1° _ 


Stimulus 

Medium 

Monoclonal  Antibody 

FC-UC016) 

60.3  (CDwlG) 

9.6  (CD2) 

Medium 

ii 

9 

7 

6 

Antibody  9-1 

34 

14 

4 

4 

'Results  are  expressed  as  mean  percent  specific  51Cr  release.  NK  cell  line  EB4.19  (CD.T/CD16*)  was  incubated  at  a 
10:1  effector  to  target  ratio  with  ’’Cr-lnbclcd  NAl.M-1  targets.  Antibodies  were  used  at  a  concentration  of  I  cg/ml. 


TABLE  IV 

Enhancement  of  natural  killing  by  antibody  91  requires  Integrity  of  the  Fc  domain 

Percent  Specific  4,Cr  Release 


Stimulus 


PBL' 


NK  cell  line' 


Ex  pi  I 


Expt.  2 

Medium  Antibody  MG2 1  |lgG3] 


Medium  10  3  10  2 

Antibody  9-1  35  22  61  65 

Antibody  9-1  P(ab')j  4  I  0  7 

Antibody  9-1  Fiab'jj  +  anll-inouse  lg  4 _ 2 _  _ 

0  NK  cell  line  EB4.19  (CD3VCD16*)  was  tested  against  NALM-1  targets  In  a  similar  assay  In  the  presence  of  9- 1  antibody 
or  Klab'lj  at  a  concentration  of  50  ng/ml.  A  goat  anti-mouse  lg  antiserum  was  used  at  1/10  dilution. 

*  PBL  were  assayed  for  cytotoxicity  against  11  Cr- labeled  2981  lung  carcinoma  cells  at  an  effector  to  target  rnllo  of  10:1 
tiller  4  hr  of  Incubation  In  the  presence  of  9-1  antibody  or  F(ab')i  o'  a  concentration  of  10  ng/ml.  Antibody  M021  (lgG3) 
Is  an  Isotype  control  of  Irrelevant  specificity.  A  rat  mono:  lonal  anllL  dy  specific  for  the  murine  lg  .'Chain  was  used  nl  00 
ng/ml. 


lgG3  immunoglobulin  of  irrelevant  specificity  (MG21)  did 
not  induce  cytolytic  activity.  Multivalent  cross-linking  of 
CD2  with  F(ab')2  of  antibody  9-1  and  a  goat  anti-mouse 
lg  antiserum  also  did  not  enhance  the  lytic  activity  of 
these  cells.  These  data  suggest  that  an  increased  |Ca2’)i 
is  not  sufficient  to  trigger  the  lytic  program  of  NK  cells 
and  that  interaction  with  botli  CD2  and  CD  16  is  required. 

DISCUSSION 

We  have  developed  a  model  for  piobing  NK  ceil  activa¬ 
tion  by  using  an  anti-CD2  monoclonal  antibody  which 


cross-links  and  comodulatcs  CD2  molecules  and  CD16 
Fc  receptors.  The  ability  of  antibody  9-1  to  bind  to  CD  16 
may  be  related  in  part  to  its  IgG3  isotype,  Previous  studies 
using  a  family  of  IgG  Isotype  switch  variant  antibodies 
with  identical  avidity  for  the  Thy  1.1  antigen  on  murine 
lymphoma  SL2  have  shown  that  murine  !gG3  antibodies 
arc  fivefold  more  potent  than  IgG2a  and  30-fold  more 
potent  than  IgC<2b  in  mediating  ADCC  by  human  Fc- 
receptor*  NK  cells,  most  likely  as  a  result  of  a  more 
efficient  binding  to  human  CD1G  (19).  The  specific  CD2 
epitope  recognized  may  represent  another  possible  basis 
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for  the  Interaction  between  antibody  9-1  and  CD 1 6.  Anti¬ 
bodies  may  bind  to  this  epitope  In  a  way  that  allows  and 
facilitates  an  interaction  with  adjacent  CD  16  molecules. 
These  tv/o  possible  explanations  for  the  dual  interaction 
of  antibody  9-1  with  CD2  and  CD  16  are  not  mutually 
exclusive  and  both  may  be  Important. 

Our  findings  suggest  that  CD2  is  a  surface  structure 
capable  of  transducing  signals  that  Increase  |Ca2+]l  In  NK 
cells.  A  calcium  response  was  not  observed  after  binding 
of  Flab'h  of  antibody  9-1  but  was  Induced  by  cross- 
linking  surface-bound  9-1  antibody  F(ab')2  or  Intact  9.6 
Antibody  with  a  polyclonal  antl-murinc  Ig  antiserum. 
Multivalent  cross-linking  of  CD2  molecules  was  suffi¬ 
cient  to  trigger  calcium  flux,  and  it  appeared  that  this 
response  does  not  depend  on  binding  to  a  particular  CD2 
epitope.  Antl-CD16  antibodies  did  not  induce  detectable 
changes  in  (Ca2+)1  indicating  that  Fc  receptor  binding  per 
5e  does  not  trigger  the  calcium  response.  However,  cross- 
jfnklng  surface-bound  F(ab')*  of  antibody  9-1  with  anti- 
globulin  caused  a  larger  increase  in  (Ca2+]l  than  cross- 
linking  biotin-conjugated  F(ab')2  of  antibody  9-1  with 
avidin.  suggesting  that  bridging  and  comodulation  of  CD2 
and  CD18  may  amplify  the  activation  signal.  In  the  case 
of  antibody  9-1,  formation  of  trimolccular  complexes  be¬ 
tween  two  CD2  molecules  and  one  CD  16  molecule  ap¬ 
pears  to  mimic  the  effect  of  cross-linking  CD2  with  a 
pmrine  monoclonal  antibody  and  a  polyvalent  antiglob¬ 
ulin. 

The  conditions  for  inducing  an  Increase  In  [Ca2+]i  in 
CD  16'  CTL  and  CD16+  NK  cells  were  different,  In  cul¬ 
tured  CTL,  a  calcium  response  was  observed  only  when 
antl-CD2  antibodies  9.6  and  9- 1  were  used  together.  Lcd- 
hettei  et  al.  (35)  have  reported  that  cross-linking  of  CD2 
With  antibody  9.6  and  a  polyclonal  goat-anti  murine  lg 
antiserum  caused  a  calcium  increase  in  purified  resting 
T  cells,  Thus  it  appears  that  cross-linking  of  CD2  mole¬ 
cule  represents  a  critical  event  required  for  Inducing  an 
increased  (Ca2,Ji  and  that  this  can  be  accomplished  by 
using  pairs  of  antibodies  specific  for  distinct  epitopes 
(14.  15). 

The  cascade  of  events  that  follow  the  calcium  increase 
in  NK  cells  has  not  been  elucidated  (36).  Although  it  has 
been  reported  that  a  calcium  ionophore  can  induce  secre¬ 
tion  of  lytic  granules  and  release  of  serine  esterase  activ¬ 
ity  by  an  NK  cell  line  (6),  In  our  hands  it  failed  to  enhance 
cytolytic  activity  of  resting  LGL  (data  not  shown).  Our 
experiments  indicate  that  different  signals  are  required 
Tor  triggering  increased  (Ca2+]1  and  for  enhancing  cytoly¬ 
tic  activity.  The  multivalent  cross-linking  of  CD2  mole¬ 
cules  produced  by  9-1  F(ab')2  and  antiglobulin  was  ca¬ 
pable  of  inducing  Increased  (Ca2*]!  but  was  not  sufficient 
to  enhance  cytolytic  activity.  This  indicated  that  activa¬ 
tion  of  the  lytic  program  by  certain  CD2  antibodies  re¬ 
quires  interaction  with  the  CD  16  Fc  receptor. 

Other  models  of  cellular  activation  through  Fc  recep¬ 
tors  have  been  described.  Cells  from  the  P388D,  macro¬ 
phage  line  can  lyse  chicken  erythrocytes  In  the  presence 
of  hclcroaggregated  antibodies  that  bridge  Fc  receptors 
on  effector  cells  and  trinitrophenyl  antigen  on  target  cells 
(37).  Heteroaggregates  of  anti-murine  MHC  class  1  and 
anti-trinitrophenyl  antibodies  were  able  to  induce  con¬ 
jugate  formation  but  did  not  facilitate  lysis.  Taken  to¬ 
gether.  these  results  suggested  a  specific  role  for  the 


macrophage  Fc  receptor  In  programming  for  the  lethal 
hit.  Other  changes  in  human  NK  cells  have  been  de¬ 
scribed  after  antibody  binding  to  cell-surface  Fc  recep¬ 
tors.  Human  lymphocytes  exposed  to  solid-phase  bound 
immune  complexes  show  flattening  and  uropod  forma¬ 
tion  (38).  Furthermore.  Sepharose-bound  antl-CD16  an¬ 
tibody  has  been  reported  to  Induce  expression  of  1L-2 
receptors  and  HLA  class  II  molecules  on  human  NK  cells 
(39). 

We  surmise  that  Fc  receptor  triggering  In  NK  cells 
might  induce  protein  kinase  C  activity.  Nishizuka  has 
proposed  that  protein  kinase  C  strictly  controls  calcium 
homeostasis  In  various  biologic  systems  (40).  Wc  have 
observed  that  the  kinetics  of  |Ca2+)i  responses  triggered 
by  antl-CD2  antibodies  are  different  In  CTL  and  NK  cells. 
In  CTL  the  increase  is  sustained  for  at  least  1 5  min,  but 
In  NK  cells  the  peak  response  is  followed  by  a  prompt 
decrease,  suggesting  the  activation  of  a  compensatory 
mechanism.  Support  for  the  possibility  that  protein  ki¬ 
nase  C  is  Involved  In  activation  of  the  lytic  program  of 
NK  cells  has  come  from  a  study  by  Graves  et  al.  who 
showed  that  NK  cytotoxic  factors  were  released  after 
simultaneous  stimulation  of  PBL  with  a  calcium  lono- 
phore  and  a  phorbol  ester,  whereas  either  a^er.i.  alone 
was  ineffective  (al).  Also,  Trlnchlerl  et  al.  found  that 
preincubation  with  phorbol  esters  enhanced  sponta¬ 
neous  cytotoxicity  of  human  lymphocytes  tested  against 
both  NK-sensltlve  and  NK-lnsensltlve  targets  (42). 

Our  results  and  those  of  other  investigators  Indicate 
that  triggering  by  antl-CD2  antibodies  may  be  affected 
by  epitope  specificity  and  by  the  affinity  for  Fc  receptors, 
it  Is  possible  that  only  certain  antt-CD2  antibodies  inter¬ 
fere  with  conjugate  formation  (22).  Binding  valency  and 
modulation  efficiency  may  also  affect  signal  transduc¬ 
tion,  as  shown  for  antl-CD3  antibodies  (10).  Differences 
In  one  or  more  of  these  antibody  characteristics  may 
explain,  for  example,  why  antibodies  9.6  and  35.1  can 
block  enhancement  of  cytolytic  activity  by  antibody  9-1 
and  why  the  9-1  and  9.6  antibody  pair  evokes  calcium 
flux  in  T  cells  but  not  the  promiscuous  cytolytic  activity 
occurring  after  simultaneous  stimulation  with  the  anti- 
CD2  antibodies  T1 12  and  T1 13  (13).  On  the  other  hand, 
we  have  found  that  antibodies  T1 12  and  T1 1 3  affect  NK 
cell  function  with  a  pattern  Identical  to  antibody  9- 1  (I. 
Hcllstrom,  unpublished  observations).  Antibodies  T1 12 
(IgG2)  and  T1 10  (lgG3)  each  evoked  a  calcium  Increase  In 
NK  cells  and  Induced  PBL-medlatcd  lysis  of  lung  carci¬ 
noma  2981  target  cells  that  could  be  blocked  by  anti- 
CD1 6  antibody  FC-2  and  by  anti-CD2  antibody  9.6.  These 
findings  suggest  that  9- 1 .  T1 1 2,  and  T1  la  antibodies  each 
activate  NK  cells  via  a  similar  mechanism. 

It  has  been  proposed  that  CD2  functions  as  a  surface- 
adheston  structure  Involved  In  cellular  interactions  (2, 
43-45),  The  natural  ligand  for  CD2  has  been  shown  to 
be  a  cell-surface  molecule  known  as  LFA-3,  a  60-  to  70- 
kDa  glycoprotein  expressed  on  a  large  number  of  hema¬ 
topoietic  and  not  hematopoietic  cell  types  (45.  46).  It  Is 
possible  that,  upon  Interaction  of  CTL  and  NK  effectors 
with  target  cells,  the  natural  ligand  binds  and  cross-links 
CD2  molecules  with  triggering  of  a  calcium  flux  In  a 
manner  similar  to  the  effect  of  ant;-CD2  antibody  bind¬ 
ing.  In  the  case  of  CTL,  target  cel!  lysis  follows  conjugate 
formation  only  after  recognition  of  specific  antigen  by 
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the  T  cell  receptor  or  after  triggering  by  antl-CD3  anti¬ 
bodies  (1).  Oar  study  suggests  that  target  cell  lysis  by  NK 
cells  Is  triggered  by  a  signal  delivered  through  the  Fc 
rccevitor.  The  requirement  for  two  signals  would  allow 
activation  of  the  lytic  program  only  when  CD  16  is  trig¬ 
gered  by  target  cell  bound  IgG  and  not  by  soluble  immun- 
complexes.  This  model  does  not  exclude  the  existence  of 
possible  NK  cell  receptors,  which  might  function  in  par¬ 
allel  with  the  Fc  receptor. 
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